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TRUNCATED I3-I54-P-D-GLUCANASE 

RELATED APPLICATION 

This application is a continuation-in-part of U.S. Application Serial 09/654,652, filed 
September 5, 2000, now pending, which is incorporated by reference in its entirety. 

BACKGROUND 

1,3-1,4-p-D-glucanase, an enzyme often found in ruminal bacteria, cleaves a p-1,4- 
glucosidic linkage adjacent to p-l,3-linkages in mixed linkage p-glucans, such as lichenan or 
barley P-glucan, producing cellobiosyltriose and cellotriosyltetraose. It facilitates plant fiber 
degradation in the rumens of ruminal animals and therefore has been used as a supplement for 
non-ruminal animals to increase feed conversion efficiency and animal growth-rate. This 
enzyme has also been used to substitute for or supplement malt enzymes in beer brewing to 
reduce processing problems caused by p-glucans firom cell walls of the starchy seed endosperm, 
such as reduced extract yield, lowered rates of wort separation and beer filtration, and formation 
of hazes and gelatinous precipitates in beer. Nonetheless, the use of this enzyme has been 
limited by its low catalytic activity and thermal instability. Thus, there is a need for 1,3-1,4-p-D- 
glucanase that is both highly active and heat resistant. 

SUMMARY 

This invention is based, at least in part, on the unexpected discovery that truncated forms 
of Fibrobacter succinogenes 1,3-1,4-P-D-glucanase ("truncated glucanases") exhibit higher 
enzymatic activity and heat-resistance than the wild type 1,3-1,4-P-D-glucanase. 

The amino acid sequence of the wild type Fibrobacter succinogenes 1,3-1,4-p-D- 
glucanase (SEQ ID NO: 1) and the nucleotide sequence encoding it are listed below: 

ATGAACATCAAGAAAACTGCAGTCAAGAGCGCTCTCGCCGTAGCAGCCGCAGCAGCAGCC 
MNIKKTAVKSALAVAAAAAA 20 

CTCACCACCAATGTTAGCGCA?UVGGATTTTAGCGGTGCCGAACTCTACACGTTAGAAGAA 
LTTNVSAKDFSGAELYTLEE 40 

GTTCAGTACGGTAAGTTTGAAGCCCGTATGAAGATGGCAGCCGCATCGGGAACAGTCAGT 
VQYGKFEARMKMAAASGTVS 60 
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TCCATGTTCCTCTACCAGAATGGTTCCGAAATCGCCGATGGAAGGCCCTGGGTAGAAGTG 
SMFLYQNGSEIADGRPWVEV 80 

5 GATATTGAAGTTCTCGGCAAGAATCCGGGCAGTTTCCAGTCCAACATCATTACCGGTAAG 

DIEVLGKNPGSFQSNI ITGK 100 

GCCGGCGCACAAAAGACTAGCGAAAAGCACCATGCTGTTAGCCCCGCCGCCGATCAGGCT 
AGAQKTSEKHHAVSPAADQA 120 

10 

TTCCACACCTACGGTCTCGAATGGACTCCGAATTACGTCCGCTGGACTGTTGACGGTCAG 
FHTYGLEWTPNYVRWTVDGQ 140 

GAAGTCCGCAAGACGGAAGGTGGCCAGGTTTCCAACTTGACAGGTACACAGGGACTCCGT 
15 EVRKTEGGQVSNLTGTQGLR 160 

TTTAACCTTTGGTCGTCTGAGAGTGCGGCTTGGGTTGGCCAGTTCGATGAATCAAAGCTT 
FNLWSSESAAWVGQFDES KL 180 

20 CCGCTTTTCCAGTTCATCAACTGGGTCAAGGTTTATAAGTATACGCCGGGCCAGGGCGAA 

PLFQFINWVKVYKYTPGQGE 200 

GGCGGCAGCGACTTTACGCTTGACTGGACCGACAATTTTGACACGTTTGATGGCTCCCGC 
GGSDFTLDWTDNFDTFDGSR 220 

25 

TGGGGCAAGGGTGACTGGACATTTGACGGTAACCGTGTCGACCTCACCGACAAGAACATC 
WGKGDWTFDGNRVDLTDKNI 240 

TACTCCAGAGATGGCATGTTGATCCTCGCCCTCACCCGCAAAGGTCAGGAAAGCTTCAAC 
30 YSRDGMLILALTRKGQESFN 260 

GGCCAGGTTCCGAGAGATGACGAACCTGCTCCGCAATCTTCTAGCAGCGCTCCGGCATCT 
GQVPRDDEPAP QSSSSAPAS 280 

35 TCTAGCAGTGTTCCGGCAAGCTCCTCTAGCGTCCCTGCCTCCTCGAGCAGCGCATTTGTT 

SSSVPASSSSVPASS5SAFV 3 00 

CCGCCGAGCTCCTCGAGCGCCACAAACGCAATCCACGGAATGCGCACAACTCCGGCAGTT 
PPSSSSATNAIHGMRTTPAV 320 

40 

GCAAAGGAACACCGCAATCTCGTGAACGCCAAGGGTGCCAAGGTGAACCCGAATGGCCAC 
AKEHRNLVNAKGAKVNPNGH 340 

AAGCGTTATCGCGTGAACTTTGAACACTAA 
45 KRYRVNFEH* 349 



The enzyme contains (1) a 27 amino acid (aa) signal sequence (SEQ ED NO: 2) at its N 
temiinus; (2) two catalytic domains, i.e., domains A (aa 28-202, SEQ ID NO: 3) and B (aa 203- 
50 266, SEQ ID NO: 4); and (3) a C-temiinal part. A truncation of the 78 residues from the C 
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terminus (aa 272-349, SEQ JD NO: 5, underlined) generates a highly active and heat-resistant 
glucanase. 

Accordingly, one aspect of this invention features an isolated polypeptide that contains 
the enzymatic catalytic domains of 1,3-1,4-P-D-glucanase and excludes the carboxyl terminal 78 
5 amino acid residues of this enzyme. An "isolated polypeptide" refers to a polypeptide that has 
been separated from other proteins, lipids, and nucleic acids with which it is naturally associated. 
It can be a preparation that contains at least 10% (i.e., any number between 10% and 100%, 
inclusive) by dry weight the pure polypeptide. The enzymatic catalytic domains include SEQ ID 
NOs: 3 and 4, or their ftmctional equivalents. A functional equivalent refers to a polypeptide 

10 derived from an enzymatic catalytic domain of 1,3-1,4-P-D-glucanase, e.g., a fusion protein or a 
protein having one or more point mutations, insertions, deletions, truncations, or a combination 
thereof It retains substantially the activity of 1,3-1,4-p-D-glucanase, i.e., the ability to cleave p- 
1,4-glucosidic bonds. In one embodiment, the isolated polypeptide contains the aa V25-P271 of 
SEQ ID NO: 1 (SEQ ID NO: 7). This sequence can be linked to a tag sequence at its N or C 

15 terminus. For example, its C terminus can be fused to a tag NSSVDKLAA (SEQ ID NO: 12) or 
NSSVDKLAAALEHHHHHH (SEQ ID NO: 16) to form a fusion protein SEQ ID NO: 9 or 14. 
Since these two tags bind to commercially available antibodies and Ni^^ NTA resin, respectively, 
fusing either of them facilitates the purification of the fusion protein. In another embodiment, an 
isolated polypeptide of this invention contains a sequence identical to SEQ ID NO: 7 except that 

20 the tryptophan (W) at position 203 is replaced by a phenylalanine (F). This mutant sequence 
(SEQ ID NO: 8) can also be linked to one of the two just-described tags at its C or N terminus, 
e.g., at its C terminus to form a fusion protein SEQ ID NO: 13 or 15. Preferably, the above- 
described polypeptide is glycosylated. 

This invention also features an isolated nucleic acid having a sequence that encodes the 

25 above-described polypeptide. An "isolated nucleic acid" refers to a nucleic acid the structure of 
which is not identical to that of any naturally occurring nucleic acid or to that of any fragment of 
a naturally occurring genomic nucleic acid. The term therefore covers, for example, (a) a DNA 
which has the sequence of part of a naturally occurring genomic DNA molecule but is not 
flanked by both of the coding sequences that flank that part of the molecule in the genome of the 

30 organism in which it naturally occurs; (b) a nucleic acid incorporated into a vector or into the 
genomic DNA of a prokaryote or eukaryote in a manner such that the resulting molecule is not 
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identical to any naturally occurring vector or genomic DNA; (c) a separate molecule such as a 
cDNA, a genomic fragment, a fragment produced by polymerase chain reaction (PGR), or a 
restriction fragment; and (d) a recombinant nucleotide sequence that is part of a hybrid gene, i.e., 
a gene encoding a fusion protein. The nucleic acid of this invention can be used to express the 
5 polypeptide of this invention. For this purpose, one can operatively link the nucleic acid to 
suitable regulatory sequences to generate an expression vector. 

A vector refers to a nucleic acid molecule capable of transporting another nucleic acid to 
which it has been linked, and also capable of autonomous replication or integration into a host 
DNA. Examples include a plasmid, cosmid, and viral vector. A vector of this invention includes 

10 a nucleic acid in a form suitable for expression of the nucleic acid in a host cell. Preferably, the 
vector includes one or more regulatory sequences operatively linked to the nucleic acid sequence 
to be expressed. Examples of a "regulatory sequence" include promoters, enhancers, and other 
expression control elements (e.g., polyadenylation signals). Regulatory sequences also include 
those that direct constitutive expression of a nucleotide sequence, as well as tissue-specific 

15 regulatory and/or inducible sequences. The design of such an expression vector is based on 

considerations including the choice of the host cell to be transformed and the desired expression 
level. An expression vector can be introduced into host cells to produce the polypeptide of this 
invention. Also within the scope of this invention is a host cell that contains the above-described 
nucleic acid. The host cell can be a bacterial cell, a yeast cell, an insect cell, a plant cell, and a 

20 manmialian cell. Preferably, it is an E. coli or P. pastoris cell. 

To produce a polypeptide of this invention, one can place a host cell in a culture under 
conditions permitting expression of a polypeptide encoded by a nucleic acid described above, 
and isolate the polypeptide from the culture. Altematively, the nucleic acid of this invention can 
be transcribed and translated in vitro, for example, using T7 promoter regulatory sequences and 

25 T7 polymerase. 

The details of one or more embodiments of the invention are set forth in the 
accompanying description below. Other advantages, features, and objects of the invention will 
be apparent from the detailed description and the claims. 
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DETAILED DESCRIPTION 

This invention relates to truncated glucanases and their variants. The variants include 
biologically active fragments whose sequences differ from the truncated glucanase sequences 
described herein by one or more conservative amino acid substitutions or by one or more non- 
5 conservative amino acid substitutions, deletions, or insertions that do not abolish the catalytic 
activity. 

A truncated glucanase of this invention or its variant can be produced by using an 
expression vector that contains an isolated nucleic acid of this invention. The vector can be 
designed for expression of a truncated glucanase in prokaryotic or eukaryotic cells, such as 

10 bacterial cells (e.g., E. coli), yeast cells (e.g., P. pastoris), insect cells, plant cells, and 
mammalian cells. Suitable host cells are discussed in Goeddel, (1990) Gene Expression 
Technology: Methods in Enzymology 185, Academic Press, San Diego, CA. Expression of a 
truncated glucanase can be carried out with vectors containing constitutive or inducible 
promoters directing the expression of either a ftision or a non-fiision truncated glucanase. Fusing 

15 a tag to the amino or carboxyl terminus of a truncated glucanase facilitates purification of soluble 
glucanase. Examples of a tag include multiple histidines, glutathione S-transferase (GST), 
maltose E binding protein, protein A, and suitable peptide epitopes, e.g., HA, Myc, and FLAG. 

A vector can be introduced into host cells via conventional transformation or transfection 
techniques, such as calcium phosphate or calcium chloride co-precipitation, DEAE-dextran- 

20 mediated transfection, lipofection, or electroporation. After being transformed or transfected 
with a vector of this invention, a host cell can be cultwed in a medium to express a truncated 
glucanase. The expressed truncated glucanase can then be isolated from the host cell or from the 
culture medium using standard techniques. 

If an expressed truncated glucanase is fused to one of the tags described above, the 

25 truncated glucanase can be easily purified from a clarified cell lysate or culture medium with an 
appropriate affinity column, e.g., Ni^^ NTA resin for hexa-histidine, glutathione agarose for 
GST, amylose resin for maltose binding protein, chitin resin for chitin binding domain, and 
antibody affinity columns for epitope tagged proteins. The truncated glucanase can be eluted 
from the affinity column, or if appropriate, cleaved from the column with a site-specific protease. 

30 If the truncated glucanase is not tagged for purification, routine methods in the art can be used to 
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develop procedures to isolate it from cell lysates or the media. See, e.g., Scopes, RK (1994) 
Protein Purification: Principles and Practice, 3rd ed.. New York : Springer- Verlag. 

The specific example below is to be construed as merely illustrative, and not limitative of 
the remainder of the disclosure in any way whatsoever. Without further elaboration, it is 
5 believed that one skilled in the art can, based on the description herein, utilize the present 

invention to its fullest extent. All publications cited herein are hereby incorporated by reference 
in their entirety. 

Vectors encoding truncated L3-L4-[3-D-glucanase 

1. pPCR-TF-glucanase 

10 A nucleic acid was amplified from the ftiU-length Fibrobacter succinogenes 1,3-1,4-P-D- 

glucanase (FsP-D-glucanase) cDNA (Chen et al. (2001), J. Biol. Chem. 276, 17895-17901) by 
the PGR using the following two primers: OUgo A: 5'-CAGCCGGCGATGGCCATGGTTAGC 
GCA-3' and Oligo B: 5'-CTGCTAGAAGAATTCGGAGCAGGTTCGTC-3'. The amplified 
nucleic acid encodes a polypeptide that corresponds to a fragment from aa 24 to 272 of SEQ ID 

15 NO: 1, except that the N24 was replaced with M. The polypeptide lacks the C-terminal 78 aa of 
FsP-D-glucanase. To generate an expression vector, the amplified nucleic acid was digested 
with Nco I and Eco RI and then ligated into a pET26b(+) vector (Novagen, WI) that had been 
digested with the same enzymes. The resultant vector was confirmed by DNA sequencing. This 
construct, designated as pPCR-TF-glucanase, encodes a fiision protein (SEQ ID NO: 10) that has 

20 a pel B leading peptide sequence (KYLLPTAAAGLLLLAAQPAMA, SEQ ID NO: 1 1) at the N- 
terminus and a 19-residue segment (SEQ ID NO: 16) at the C-terminus. Once expressed in a 
host cell, the pel B leading peptide sequence was cleaved to generate a mature fiision truncated 
glucanase, PCR-TF-glucanase (SEQ ID NO: 9). 

2. pTF-glucanase 

25 Another truncated Fsp-D-glucanase (SEQ ID NO: 7), designated as "TF-glucanase," was 

created using PCR-based site-directed mutagenesis. This TF-glucanase lacks the just-described 
19-residue segment at its C-terminus. To make a nucleic acid encoding it, a stop codon was 
introduced right after the codon for P248 of the just-described pPCR-TF-glucanase. A pair of 

complementary mutagenic primers were used. The sense strand primer has the sequence: 
30 5 '-CCTGCTCCGTAATCGAGCTCC-3 ' . The mutagenesis was carried out in a PGR reaction 
mixture containing 10 mM KCl, 10 mM (NH4)2S04, 20 mM Tris-HCl (pH 8.8), 2 mM MgCb, 
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0.1% Triton'^ X-100, 0.1 mg/ml nuclease-free BSA, 10-15 ng of template DNA, 0.2 mM dNTPs, 
0.25 |LiM each of the primers, and 2.5 units of Turbo Pfu DNA polymerase (Stratagene, La JoUa, 
CA). The PGR reactions were conducted on a Hybaid TouchDown thermal cycler using the 
following program: 2 min at 95T, 16 cycles of 1 min at 55^C/13 min at 68 ^C/45 sec at 95 ^C. 
5 The products were digested with 10 units of Dpn I at 37 ""C for 1 hour (h) and subsequently 
transformed into E, coli XL-1 Blue competent cells by electroporation. The transformed cells 
were grown on LB agar plates containing 30 |ig/ml kanamycin at 37 until colonies appeared 
on the plates. The colonies were selected randomly and cultured in 5 ml LB/ kanamycin liquid 
culture at 37 **C for 16 h before plasmids were isolated from the culture using a QIAprep Spin 
10 Miniprep kit (Qiagene, Hilden, Germany). Mutation was confirmed by DNA sequencing. The 
plasmid thus obtained was named "pTF-glucanase." 
3. pPCR-TF-W203F 

A vector encoding a truncated glucanase having a Trp203^Phe (W203F) point mutation 
was generated by PGR based site-directed mutagenesis using the above described pPCR-TF- 
1 5 glucanase as the template in the same manner described above. A pair of complementary 
mutagenic primers were used. The sense strand primer was 5'-CTGGGGCAAGGGTGAC 
TTCACATTTGACGGT -3'. The vector was augmented and prepared from E. coli XL-1 Blue, 
and confirmed by DNA sequencing. The vector and the polypeptide it encodes were designated 
as pPCR-TF-W203F and PCR-TF-W203F, respectively. 
20 4. pPICZ-TFGlu 

A Pichia expression vector that encodes a truncated glucanase was generated. Briefly, 
PGR was used to amphfy the DNA sequence encoding V25 to P271 of SEQ ID NO: 1 from 
pPCR-TF-glucanase. The primers used were listed below: 

OUgoC 5'-TACGCTGCAGTTAGCGCAAAGGATTTTAGC-3' and 
25 OUgo D 5'-TAGTTCTA GATCACGGAGCAGGTTCGTCATCTCTC-3'. 

The PGR products were digested with PstI and Xbal and ligated into a Pichia expression 
vector, pPICZ a B (Invitrogen, CA, USA), which had been digested with the same enzymes. 
This vector, designated as pPICZ-TFGlu, encodes a truncated glucanase that is ftised to an a 
factor signal sequence at its N-terminus. Once expressed in Pichia^ the signal sequence allows 
30 the TF-glucanase to be secreted into culture medium. 
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Expression of truncated glucanase in E. coli 

Each of the above described pET26b (+) series plasmids was transformed into BL21 
(DE3) bacteria. Five ml of pre-grown culture of the bacteria were inoculated into 500 ml of 
fresh LB broth containing 30 )ig/ml kanamycin and cultured at 33 °C until the OD600 nm 
5 reached 0.4-0.6. Then, 1 mM IPTG was added into the culture to induce the expression of TF- 
glucanase for 16 hours. 

The supematants were collected by centrifugation at 8,000 x g for 15 min at 4 °C. Their 
volumes were reduced by 10- fold on a Pellicon Cassette concentrator (Millipore, Bedford, MA) 
using 10,000 Mr cut-off membranes. The concentrated supematants were then dialyzed against 

10 50 mM Tris-HCl buffer, pH 7.8 (buffer A) and loaded onto a Sepharose Q FF (Pharmacia, 
Sweden) column pre-equilibrated with the same buffer. TF-glucanases were eluted from the 
column with 0 to 1 M NaCl gradient in buffer A. The homogeneity of the purified enzyme was 
verified by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentration was 
determined according to the method described in Bradford M. (1976) Anal. Biochem. 72, 248- 

15 254. Bovine serum albumin (BSA) was used as the standard. 

It was found that each of the E. coli expressed truncated glucanases (PCR-TF-glucanase, 
TF-glucanase, and PCR-TF-W203F) and fiill-length glucanases (FsP-D-glucanase) was a single 
polypeptide and that more than 85% of each enzyme is soluble in the medium. It was also 
observed that, after 16 hours of IPTG induction, there were 2.2 x 10^ U truncated enzyme/liter of 

20 medium. Homogeneous wild-type and truncated glucanase were obtained using Ni-NTA affmity 
columns. The purities of the enzymes were found to be greater than 96 % by SDS-PAGE and 
zymogram analyses. 

Expression of truncated glucanase in Pichia. vastoris 

TF glucanase was expressed in P. pastoris strain X-33 using the Pichia expression kit 
25 (Invitrogen) according to the manufacturer's instructions. Briefly, a starting culture of X-33 

containing the above-described pPICZ-TFGlu was grown in 25 ml of BMGY medium (1% yeast 
extract, 2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 4 x 10" 
^% (w/v) biotin, and 1% glycerol) at 28 overnight. 

The overnight culture was centrifliged at 3000 x g for 5 min at room temperature, and the 
30 cell pellet resuspended in a BMMY medium containing 0.5% (v/v) methanol instead of 1% 

glycerol. The OD600 nm of the resultant culture was 1.0. 100 ml of this culture was transferred 
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into a 1 -liter baffled flask and cultured at 28 °C while being shaken at 250 rpm. Methanol 
(0.5%) was added into the culture every 24 hours. 

One miUiliter sample was taken from the culture at 1-2 day intervals to evaluate the yield 
and enzymatic activity of the expressed TF glucanase. This sample was centrifuged, and the 
5 supematant was evaluated by zymograms according to the method described in Piruzian et al., 
Mol Gen Genet. 1998 Mar;257(5):561-7. Briefly, lichenan (Img/ml) and the supematant were 
mixed in a sample buffer (LaemmU, (1970) Nature. 227, 680-685) and heated at 90 for 10 
min before being subjected to 12% SDS-PAGE. The gel was rinsed twice with 20% 
isopropanol-50 mM sodium citrate buffer (pH 6.0) for 20 min to remove SDS, and equilibrated 
10 in 50 mM sodium citrate buffer for 20 min. After the gel was incubated at 40 °C for 10 min, it 
was stained with Congo red solution (0.5 mg/ml) to visualize protein, which exhibits 1,3-1,4-P- 
D-glucanase activity. 

1,3-1,4-P-D- glucanase enzymatic activity was also determined by measuring the rate of 
reducing sugar production from the hydrolysis of lichenan or barley p-glucan. Reducing sugar 

15 was measured and quantified according to the method described in Miller (1959) Anal. Chem. 
31, 426-428 using glucose as the standard. Briefly, 2.7-8 mg/ml lichenan was incubated with 
the expressed enzyme in a 0.3 ml 50 mM sodium citrate buffer (pH 6.0) at 50 ®C for 10 min. 40 
|ag/ml Bacillus subtilis lichenase (Megazyme, Ireland) was used as a reference control. The 
reaction was terminated by the addition of sahcylic acid solution. Data were analyzed using the 

20 computer program ENZFITTER (BIOSOFT, USA) and Enzyme Kinetics (SigmaPlot 2000, 
SPSS Inc.) Data were analyzed using the computer program ENZFITTER (BIOSOFT, USA) 
and Enzyme Kinetics (SigmaPlot 2000, SPSS Inc.) One unit (U) of enzyme activity was defined 
as the amoxmt of enzyme required to release one \imo\ of reducing sugar (e.g., glucose 
equivalent) per minute. The activity was expressed in jimoles of glucose per minute per 

25 milligram of protein. 

The result showed that cell density (ODeoo) of P. pastoris increased quickly during the 
first 2-3 days and reached a plateau around day 10, The amount of TF-glucanase in the culture 
medium increased quickly in the first 2 days and in days 8-14, and reached a plateau after day 
15. The enzymatic activity of the TF-glucanase (OD575), determined by the standard activity 

30 assay described above, was approximately 1.94 x 10^ U/427 mg/L and 1.76 x 10^ U/469 mg/L at 
day 15 and 23, respectively. 
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SDS-PAGE was carried out and showed that that more than 90% of the TF-glucanase 
existed as two dominant glycosylated forms. Homogeneous glycosylated TF-glucanase (> 96% 
purity) was obtained using Q-anion ion exchange column chromatography. The glycoside 
moiety of the glycosylated-TF-glucanase could be removed after digestion with glycosidases 
using the Enzymatic Deglycosylation Kit (Bio-Rad). The resultant single band of the P, 
pastoriS'QxprcssQd TF-glucanase had mobility on SDS gel similar to that of the E. colt- 
expressed TF-glucanase 
Biochemical characterization of FsB-glucanase 

The N-terminus first 25 amino acid residues of the bacterial-expressed FsfJ-glucanase and 
truncated glucanases were sequenced and found to be correct. The glucanases did not contain 
pel B leader peptide at their N-termini, indicating that leader peptide was cleaved off in E. coli 
cells. 

Electrospray ionization-tandem mass spectrometry was carried out to determined the 
molecular mass of the above-described glucanases. 10 nmole of protein sample was analyzed 
on a LCQ (Finnigan LCQ, USA) ion trap mass spectrometer operated in full-scan MS mode 
(400.00-2000.00). The molecular masses of Fs(3-glucanases, the two glycosylated forms of TF- 
glucanases, the deglycosylated TF-glucanase were found to be 37,669, 31,850, 29,983, and 
27,957 Da, respectively. These results indicate that the two glycosylated glucanases consisted of 
24 and 12 glycosides, respectively. The E, co/i-expressed PCR-TF-glucanase and TF-glucanase 
were also examined and found to have molecular weights of 29,722 and 27,744 Da, respectively. 
Kinetic properties of truncated-glucanases produced fi-om E. coli and Pichia host cells 

The enzymatic activities of FsP-glucanase, TF-glucanase, PCR-TF-glucanase, PCR-TF- 
W203F, Glycosylated TF-Glucanase, and Lichanase (Megazyme, Ireland) were determined by 
the lichenan-hydrolysis assay described above. The results are shown in Table 1 below. 
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Table 1. Kinetic properties of various glucanases and Lichanase 



Enzyme 



Activity (U/mg) kcatC's) Opt. Temp. (°C) OptpH 



FsP-glucanase ' 



2065 ± 82 1296 ±51 50 (at pH 6.0) 6.0-8.0 



PCR-TF- 7833 ± 334 391 1 ± 166 50 (at pH 6.0) 6.0-8.0 

Glucanase^ 

PCR-TF-W203F^ 13238 ± 624 6619 ± 312 50 (at pH 6.0) 6.0-8.0 



TF-Glucanase* 



7980 ± 341 3695± 157 50 (at pH 6.0) 6.0-8.0 



Glycosylated TF- 
Glucanase^ 

Lichanase 
(Megazyme) 



10831 



± 185 5365 ± 92 50 (at^H 6.0) 6.0-7.0 



lis*' 47.2*^ 60 (at pH 6.5)^ 6.5-7.0^ 

82.6 ± 0.96' 33.0 ± 0.38"^ 55 (at pH 7.0)"^ 



The kinetics for each truncated glucanase was performed using lichenan as the substrate in 50 mM 
citrate buffer (pH 6.0); 

^: Data were taken from the manufacturer's instruction brochure and Uchenan was used as the substrate 
^: Barley P-glucan was used as the substrate in 50mM phosphate buffer (pH 7.0). 

As shown in Table 1, E, c<9//-expressed PCR-TF-glucanase and TF-glucanase and Pichia- 
expressed glycosylated TF-glucanase require similar conditions for optimal enzymatic activity, 
i.e., 50 °C and pH 5-9. The activities of PCR-TF-glucanase and TF-glucanase are higher than 
that of Fsp-glucanase by approximately 3.9-fold. The activity of PCR-TF- W203F was higher 
than those of PCR-TF-glucanase and TF-glucanase by about 1.69-fold. These results indicate 
that the W203F mutation increases the enzymatic activity. 

Further, the specific activity and tumover rate kc^t of glycosylated TF-glucanase were 
higher than that of TF-glucanase or PCR-TF-glucanase by L36-fold. These results indicate that 
the post-translational modification of TF-glucanase, e.g., glycosylation, does not compromise the 
protein structure or catalytic activity, but enhances the catalytic activity 

The kinetic properties of glycosylated TF glucanase were compared with those of other 
known glucanases. The data are summarized in Table 2 below: 
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Table 2 Comparison of kinetic properties of various l,3~l,4-P-D-glucanases 



jZ/nzyiiic 


opeciiic /\CLiviiy 


Kcat^S ) 


I euiperaiurc 


Jrxl 


^wrganisni/ source j 


^UllllS/iilgJ 




Uptima ( L/j 


vjpuiiid 


Glycosylated-TF-Glucanase^ 


10831 + 185 

1 \J\J^ 1 ^ 1 u«/ 


5365 + 92 


50 


6.0-7.0 


OmiTinmvne<5 strain 

V/-I- MUX will yv/v'O on cull X \^ 


"^790 nichenan'i 


1764 


45 


-6.0 






2476 






U* llidV/^lCUlO 




loou X /u ^^ai jyj v^j 


65 


7 0 




'37'5 1 4- Q1 


lOOU X D\J yal j\j K^) 


64 


6 5-7 0 






X ou (at 04 






CPA16M-59*^ 






62 


6.5-6.8 




3930 ± 100 


2015 ±51 (at62°C) 






C. thermocellum^ 


214 


135 


80 


8-9 


B. subtilis^ 


2600 


1101 


55 


6.5 


B. licheniformis^ 


900 ±60 


411 ±27 


55 


7.0 


B. amyloliquefaciens^ 


2490 


1077 


55 


6.5 


Lichenase (Megazyme)^ 


118 




60 


6.5-7.0 



" Data from Table 1 

* Chen et al. . J. Bacteriol. 179, 6028-6034 
Hahn et al. Proc. Natl. Acad. Sci. USA 91, 10417-10421 and Ay et al PROTEINS: Structure, Function, 
and Genetics 30, 155-167 

'^Schinmiing etal Eur. J. Biochem. 204, 13-19 
^'Tezuka etal Agric. Biol. Chem. 53, 2335-2339 
^ Lloberas etal. Eur. J. Biochem. 197, 337-343 
^Hofemeister et al. Gene 49(2), 177-187 
' Megazyme brochure 



As showing in Table 3, glycosylated TF-glucanase has a much higher catalytic activity 
and better heat-tolerance than the other glucanases. 
CD spectrometric analysis 

Circular dichroism (CD) spectrometry was performed to determine the melting points of 
the fiill length and truncated forms of 1,3-1, 4-P-D-glucanases. This analysis was carried out in a 
Jasco J715 CD spectrometer and a 1-mm cell at 25 °C. Spectra were collected from 200 to 260 
nm in 1.3-rmi increments, and each spectrum was blank-collected and smoothed using the 
software package provided by the manufacturer. 

CD224nm signals of FsP-glucanase and each of the above-described truncated glucanases 
were monitored in temperatures ranging from 25-70 °C. CD224nni (^app)? representing the 
apparent fraction on native protein, was calculated as follows: Fapp = (yobsd - JuVC^n- Ju) (Cai et 
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al, (1996) J. Biol. Chem. 271, 2987-2994.). Tobsd represents the observed value of CD224 nm of 
each enzyme at various temperatures. 7n and 7u represent the CD values at 224 nm of each 
enzyme at 25 °C and 70 °C, respectively. Similar mehing points (47 to 48°C) were observed for 
all of the enzymes. These results suggest that FsP-glucanase and the truncated glucanases have 
similar structural folding. 
Sensitivitv to trvpsin digestion and pH changes 

Each of the above described purified full-length glucanase, glycosylated TF-glucanase, 
and non-glycosylated glucanase was incubated with trypsin (1 mg/mL)-50 mM phosphate buffer 
(pH 7.0) at 37 ®C for 1, 2.5, and 5 hours, respectively. The enzymatic activity of each enzyme 
was determined using standard assay before and after the trypsin digestion. It was found that all 
three glucanases exhibited similar resistance to trypsin digestion. For example, after 5 hours of 
digestion, all of the enzymes retained more than 60% of their original activities. These results 
indicate that the truncation of F, succinogenes 1,3-1,4-P-glucanase does not affect the resistance 
to trypsin digestion. 

Each of the full-length glucanase, glycosylated TF-glucanase, and non-glycosylated TF 
glucanase were incubated in buffers having pH ranging from 2 to 10 for one hour, respectively. 
The activities of the four enzymes were then examined in the same manner described above. It 
was found that the activities decreased by 30^38% after the enzymes were incubated in a 50 mM 
sodium acetate buffer (pH 4.0). After incubation in buffers having pH of 6, 7, 8, 9, or 0, the 
enzymes retained more than 90% of their enzymatic activities. These results indicate that the 
truncation of the p-glucanase does not affect the resistance to changes in environment pH. 
Reactivation of TF-glucanase after heat treatment 

FsP-glucanase and TF-glucanase were heated at 90 °C for 10 minutes, transferred to 
room temperature (25 °C) immediately, and recovered at this temperature for up to 24 hours. At 
various time points, the activities of the enzymes were examined by a standard assay. At minute 
3 after the heat treatment, Fsp-glucanase and TF-glucanases resumed 8% and 40% of their 
original activities, respectively. At minute 12, they resumed 27% and 80% of the original 
activities. At hour 4, they retained 10% and 90% of their original activities. At hour 6 and 
thereafter, Fsp-glucanase almost lost all activity. In contrast, TF-glucanase still had 70% of its 
original activity. 
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A Bacillus lichenase (Megazyme) was also examined and was found to be more heat- 
sensitive than TF-glucanase. After being heated at 90 ''C for 10 minute, its activity was hardly 
restored (<10 %) after recovering for 3 minutes to 2 hours, and was lost completely after 
recovering for 4 to 6 hours. 
5 In another experiment, E. coli expressed-TF-glucanase ("TF-glucanase") and Pichia- 

expressed glycosylated TF-glucanase ("Glycosylated TF-glucanase") were heated at 90 °C or 
100°C for 10 or 30 minutes, and recovered at 25 "^C for 10 or 20 minutes. The recovery of their 
activities was studied in the same manner described above. The results are summarized in Table 
3 below. 

10 

Table 3. Reactivation of TF-glucanase after heat treatment 

TF-glucanase Glycosylated TF-glucanase 
Treatment Recovery Time (min) Relative activity (%) Relative activity (%) 



None 




100 


100 


90 °C, 10 min 


10 


68 


79 




20 


81 


86 


90 °C, 30 min 


10 


61 


82 




20 


67 


89 


100 °C, 10 min 


10 


68 


83 




20 


72 


88 


100 °C, 30 min 


10 


55 


61 




20 


56 


66 



As shown in Table 3, the enzymes retained at least 55% of their original activities. The 
glycosylated TF-glucanase exhibited a reactivation profile similar to that of TF-glucanase. 

15 Unexpectedly, it retained much higher enzymatic activity than the E, coli - expressed TF 
glucanase. For example, after being heated at 90 for 30 minutes and recovering for 20 
minutes, the glycosylated TF-glucanase retained 89% of its activity, while TF-glucanase 
regained only 67% activity. After being heated at 100 °C for 10 and 30 minutes and recovering 
for 20 minutes, the glycosylated enzyme recovered 88% and 66% of its activity, respectively. In 

20 contrast, TF-glucanase only recovered 72% and 56% of their enzymatic activities. PCR-TF- 
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glucanase was also examined and exhibited a profile similar to that of TF-glucanase. These 
results indicate that a glycosylated glucanase is more resistant to heat. 
Fluorescence spectrometric analysis of wild type and truncated FsD-glucanases 

The structural integrity of native, heat-denatured, and denatured-recovered wild type and 
5 PCR-TF-glucanases were analyzed using fluorescence spectrometry. Enzyme samples (0.03 

mg/ml in 50 mM sodium phosphate, pH 7.0) were heated at 90°C and recovered at 25 for 0, 3, 
and 10 min, respectively. Their spectra from 305 nm to 430 nm of fluorescence emission excited 
by 295 nm Ught were recorded on an AMICO-Bowman Series 2 spectrofluorimeter (Spectronic 
Instruments, Inc., NY) at 25°C with a 1 x 1-cm cuvette. A 4-nm slit was used for the 
10 recordation. 

It was found that the emission spectra of the native full-length and truncated enzymes had 
emission peaks at 335 nm. After heating at 90°C for 10 min and recovering at 25°C for 3 or 10 
min, the emission spectrum of the wild type enzyme did not superimpose with that of the 
unheated wild type enzyme. In contrast, the emission spectrum of the heated PCR-TF-glucanase 
15 was superimposed with that of the native PCR-TF-glucanase enzyme after recovering for 3 to 10 
minutes at 25 °C. These results are consistent with the enzymatic activities of the wild type and 
truncated glucanases before and after the heating-recovering process. 

OTHER EMBODIMENTS 

All of the features disclosed in this specification may be combined in any combination. 
20 Each feature disclosed in this specification may be replaced by an alternative feature serving the 
same, equivalent, or similar purpose. Thus, unless expressly stated otherwise, each feature 
disclosed is only an example of a generic series of equivalent or similar features. 

From the above description, one skilled in the art can easily ascertain the essential 
characteristics of the present invention, and without departing from the spirit and scope thereof, 
25 can make various changes and modifications of the invention to adapt it to various usages and 
conditions. Thus, other embodiments are also within the scope of the following claims. 
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